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Abstract
The isovector and isoscalar ND s-wave scattering lengths are extracted by fitting to the LHCb data of the pD0
invariant-mass distribution in the decay Λb → pi−pD0, making use of the cusp effect at the nD+ threshold. The
analysis is based on a coupled-channel nonrelativistic effective field theory. We find that the real part of the isovector
ND scattering length is unnaturally large due to the existence of a near-threshold state with a mass around 2.8 GeV.
The state is consistent with the Σc(2800)+ resonance observed at Belle. Our results suggest that it couples strongly
to the ND channel in an s-wave, and that its quantum numbers are JP = 1/2−. The strong cusp behavior at the nD+
threshold can be verified using updated LHCb data.
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1. Introduction
Properties of the ND system have been paid much at-
tention to as an analogue to the K¯N system, where there
exists the Λ(1405) resonance as a K¯N quasi-bound state
near threshold [1–4] (for reviews, see Refs. [5, 6] and
the review article dedicated to the Λ(1405) in the Re-
views of Particle Physics [7]). Several studies are de-
voted to the ND system from the viewpoint of the de-
scription of the Λ∗c or Σ∗c charmed baryons [8–22]. Some
reactions concerning the ND system and Λ∗c resonances
have been investigated [23–25] and extensions to sys-
tems with D and nuclei performed (see, for example,
Ref. [26] and references therein). Most of these studies
discuss possible hadronic molecules (see Ref. [27] for a
recent review) in the charmed-meson–nucleon systems,
analogous to the XYZ states in the heavy-quarkonia
mass region and the hidden-charm pentaquarks. How-
ever, relevant experimental information is scarce and the
above-mentioned calculations are based on phenomeno-
logical models.
At low energies, the short-range interaction between
two particles can be described by the effective-range ex-
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pansion,1
f −10 (k) =
1
a0
+
1
2
r0k2 − i k + O(k4) (1)
for s-waves, where f0(k) is the s-wave amplitude and
k is the magnitude of the center-of-mass (c.m.) mo-
mentum. Threshold parameters, including the scatter-
ing length a0 and the effective range r0, are important
quantities as they govern the low-energy behavior of the
scattering amplitude. Their values can be used to infer
the structure of s-wave shallow bound states if there are
any [27, 28].
It is well-known that in invariant-mass distributions
there must be cusps exactly at two-body s-wave thresh-
olds of opening channels due to unitarity. Because
the masses of the involved particles are fixed, the cusp
strength is then determined by the interaction at thresh-
old, and thus threshold cusps can be used to extract the
corresponding scattering lengths (we refer to Ref. [29]
for a recent review on this topic). In the case of pipi scat-
tering, the role of a cusp at the pi+pi− threshold in the
pi0pi0 spectrum was discussed in Refs. [30, 31], and a
1The sign convention here is such that a positive (negative) scat-
tering length corresponds to an attractive (repulsive) interaction in the
absence of a bound-state pole. When there is a bound state below
threshold, the scattering length is negative.
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Figure 1: Diagrams for the decay Λb → pi−pD0 taken into account in
this study. Here ND represents both pD0 and nD+.
possible way to extract the pipi scattering length from the
threshold cusp was suggested in Refs. [32, 33], followed
by reformulations based on a nonrelativistic effective
field theory (NREFT) [34, 35] (cf. also Ref. [36]). The
difference between the pipi(I = 0) and pipi(I = 2) scat-
tering lengths is tied to the magnitude of the pi+pi−
threshold cusp in the pi0pi0 distribution in the decays
K± → pi±pi0pi0, and the pipi scattering lengths were de-
termined from the cusp in the subsequent experimental
studies [37, 38]. This framework was applied to other
processes in Refs. [39–43]. In the present study, we
try to extract the s-wave scattering lengths of the ND
system from the pD0 invariant-mass distribution of the
decay Λb → pi−pD0 measured by the LHCb Collab-
oration [44], where a peculiar structure near the nD+
threshold (about 6 MeV higher than the pD0 threshold)
is seen.
The Letter is organized as follows. In Sec. 2, the
NREFT formalism is introduced that can be used in an-
alyzing the pD0 invariant-mass distribution in the near-
threshold region. In Sec. 3, the results of fitting to the
s-wave contribution extracted from the LHCb analysis
are presented. A brief summary is given in Sec. 4.
2. Setup
In Fig. 1, we show the diagrams considered in this
study. Diagram (a) of Fig. 1 represents the pi−pD0 pro-
duction from Λb without rescattering of particles, and
diagram (b) takes into account the subsequent rescatter-
ing of ND → pD0 where ND represents both pD0 and
nD+.
First, we explain the ND scattering part. The pipi low-
energy scattering is known to be rather weak due to chi-
ral suppression; on the contrary, there is no suppression
for the ND near-threshold interaction and it might be
strong enough to generate a nearby pole. We employ the
coupled-channel NREFT as developed in Refs. [45, 46],
which is based on the Lippmann–Schwinger equation
and is adequate to treat the ND scattering in the near-
threshold region. There are two channels: pD0 and
nD+. The nonrelativistic T -matrix is given by the
Lippmann–Schwinger equation as [45, 46]
ti j =
[
(1 − vG)−1v
]
i j
=
2pi
det
 1µ1
(
− 1a22 + ip2
)
− 1a12 √µ1µ2
− 1a12 √µ1µ2 1µ2
(
− 1a11 + ip1
)
i j
, (2)
det =
(
1
a12
)2
−
(
1
a11
− ip1
) (
1
a22
− ip2
)
, (3)
where i = 1 and 2 denote the pD0 and nD+ channels,
respectively, µi denotes the reduced mass, and pi is the
nonrelativistic momentum of D (or N) in the ND c.m.
frame,
pi =
√
2µi(MND − Mi − mi) , (4)
with MND being the ND invariant mass, and Mi (mi)
the mass of D0 or D+ (p or n). With the above ex-
pression, the momentum pi is defined above thresh-
old. Below threshold, it is analytically continued to
i
√
2µi(Mi + mi − MND). The NREFT is based on an ex-
pansion in powers of the velocity of the particles in their
c.m. frame. At the leading order of the NREFT, which
is sufficient in the immediate vicinity of the thresholds
given the current data quality, the spins of the involved
particles do not need to be considered. The interac-
tion kernel v is a matrix for constant contact terms (the
next-to-leading order terms are of O(p2i /µ2i )), and G is a
2 × 2 diagonal matrix with the diagonal matrix element
Gi given by the nonrelativistic two-body loop function,
GΛi =
∫ Λ d3q
(2pi)3
2µi
q2 − p2i − i
= i
µi
2pi
pi +
µi
pi2
Λ
1 + O  p2i
Λ2
 . (5)
The ultraviolet (UV) divergence in the loop integral
is regularized using a three-momentum cutoff Λ. In
Eq. (2), the cutoff dependence of the loop function Gi
is absorbed by the interaction kernel v, and the resulting
parameters ai j are cutoff-independent (see Refs. [45, 46]
for details). The ND scattering lengths can be expressed
in terms of these parameters. The scattering length ai
in channel i is defined by the scattering amplitude at
threshold as
ai =
µi
2pi
tii
∣∣∣∣∣
MND=mi+Mi
. (6)
If the interaction is strong enough, a near-threshold pole
of the T -matrix can be generated as a zero of the deter-
minant defined in Eq. (3).
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With the isospin phase convention∣∣∣D+〉 = − ∣∣∣∣∣I = 12 , Iz = 12
〉
(7)
and all other states taking a positive sign, the ND scat-
tering amplitudes in the isospin basis and that in the par-
ticle basis are related to each other as
tND(I=0) =
1
2
(
tpD0,pD0 + tnD+,nD+ + 2tnD+,pD0
)
,
tND(I=1) =
1
2
(
tpD0,pD0 + tnD+,nD+ − 2tnD+,pD0
)
. (8)
Hence, the difference of the ND scattering lengths with
I = 0 and I = 1 is proportional to tnD+,pD0 ,
tnD+,pD0 =
1
2
(
tND(I=0) − tND(I=1)) . (9)
At the lower (pD0) threshold, the T -matrix elements
are
tth11 =
2pi
µ1
(
− 1
a22
− κ
)  1
a212
− 1
a11
(
1
a22
+ κ
)−1
≡ 2pi
µ1
ac ' 2pi
µ1
 1a11 − 1a212 (a−111 + κ)
−1 ,
tth12 = −
2pi√
µ1µ2
1
a12
 1
a212
− 1
a11
(
1
a22
+ κ
)−1
≡ 2pi√
µ1µ2
ax ' − 2pi√
µ1µ2
a11
a12
a11
a212
− 1
a11
− κ
−1 ,
(10)
where κ =
√
2µ2δ with δ = mn + MD+ −mp −MD0 . One
sees that κ = O
(
δ1/2
)
. The parameters ai j must be an-
alytic in the involved hadron masses. Thus, the isospin
breaking difference a22−a11 is of O(δ), and we have ne-
glected such a difference in Eq. (10). The more natural
parameters are ac and ax instead of a11 and a12. They
are connected to the isoscalar and isovector scattering
lengths as
ac =
1
2
(
aND(I=0) + aND(I=1)
)
,
ax =
1
2
(
aND(I=0) − aND(I=1)) . (11)
The parameters a11 and a12 can be expressed in terms of
ac and ax:
a11 =
a2c − a2x
ac + a2xκ
, a12 =
a2c − a2x
ax(1 + acκ)
. (12)
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Figure 2: The W− emission mechanism for the Λb → pi−pD0 decay.
Second, let us consider the production from the Λb
decays. The leading contribution to the Λb → pi−ND
decay in terms of the Cabibbo–Kobayashi–Maskawa
matrix and color counting is the W− emission mecha-
nism, where the W− boson emitted from the b → cW−
process becomes a pi−, see Fig. 2. Because the ud pair
in the Λb is an isoscalar, the produced ND pair would
be an isospin singlet as well. Thus, the production of
the pD0 should be approximately the same as that of the
nD+.
Since parity is not conserved in the Λb → pi−ND
weak decay, the ND pair can be produced not only in
the s-wave, but also in higher partial waves. With the
statistics of the current data, it is not possible to fix pa-
rameters with different partial waves included. Thus,
we take the LHCb data and subtract the contributions
from partial waves other than the ND s-wave. Several
fits are presented in the LHCb analysis [44]. We take the
analysis presented in Fig. 12 of Ref. [44], and subtract
the contributions from the JP = 1/2+ and 3/2± partial
waves from the measured pD0 invariant-mass distribu-
tion. In this way, only the 1/2− part, corresponding to
the ND s-wave, is left.
For the energy region close to the thresholds, the
s-wave production can be approximated by a con-
stant contact term followed by the final-state interac-
tion (FSI). The ND FSI can be described by the non-
relativistic T -matrix discussed above. Any possible sin-
gular behavior comes from the rescattering given in
Eq. (2). We parametrize the s-wave contact term for the
Λb → pi−ND production amplitude by a constant VP.
A momentum factor ppi− associated with the W− transi-
tion to pi− is absorbed into VP as a constant because this
factor is irrelevant to the nD+ threshold cusp of interest,
and we are focusing on a very small range of the ND
invariant mass around the pD0 and nD+ thresholds.
Taking into account the ND rescattering described by
Eq. (2) and the fact that ND produced from the Λb weak
decay has I = 0, the decay amplitude of Λb → pi−pD0
in Fig. 1 for an ND s-wave can be written as follows:
As-wave =VΛP
(
1 +GΛpD0 tpD0,pD0 +G
Λ
nD+ tnD+,pD0
)
, (13)
3
where VP has been rewritten as VΛP to emphasize that it
depends on the cutoff Λ. The second and third terms in
the parentheses come from diagram (b) in Fig. 1 with
s-wave ND rescattering. The rescattering of the other
pairs (piN and piD) does not matter either because the
pion moves much faster than the D-meson and the nu-
cleon in the near-ND-threshold region. One notices that
the T -matrix elements tpD0,pD0 and tnD+,pD0 are physi-
cal quantities and do not depend on the cutoff intro-
duced in regularizing the UV divergence. The cutoff
dependence of the loop functions in Eq. (13) needs to
be absorbed by the production vertex VΛP . Such a re-
quirement is fulfilled by a multiplicative renormaliza-
tion with VP ∝ 1/Λ and by keeping only the leading-
order term (in the expansion in powers of pi/Λ) in the
loop function in Eq. (5). Therefore, we find the follow-
ing cutoff-independent amplitude:
As-wave = VP
(
tpD0,pD0 + tnD+,pD0
)
, (14)
where VP has been redefined to absorb the cutoff as
well as other multiplicative constants with approximat-
ing µpD0 ' µnD+ in the cutoff term of GΛi . The procedure
can be understood as that the process is dominated by
the contribution from diagram (b) in Fig. 1.
Consequently, the 1/2− part of the pD0 invariant-
mass distribution for the decay Λb → pi−pD0 can be
fitted using
dΓΛb→pi−pD0
dMpD0
= N ppi− pD0
∣∣∣tpD0,pD0 + tnD+,pD0 ∣∣∣2 , (15)
whereN is an overall normalization constant, ppi− (pD0 )
is the momentum of the pi− (D0) in the Λb (pD0) rest
frame.
The ND scattering lengths can be extracted by fitting
to the 1/2− partial wave of the pD0 invariant-mass dis-
tribution reported in Ref. [44] using Eq. (15) as a fitting
function. There is one more complexity due to the in-
elasticity from coupling pD0 and nD+ to lower channels
such as piΛc and piΣc. Since these channels are far away
from the energy region of interest, the inelastic effects
may be included by introducing imaginary parts to the
parameters ax and ac. Unitarity is useful to constrain the
parameter space: Im tii =
∑
j ρ j|ti j|2 ≥ 0 where ρ j ≥ 0
is the phase space factor of the intermediate states j. In
order to obtain a stable fit, we further reduce the number
of free parameters by approximating
Im ax ' −Im ac. (16)
Considering that the phase space for the lowest two-
body isovector channel piΛc is larger than that for
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Figure 3: The best fit to the pD0 distribution. The histogram shows the
best fit with event numbers integrated in each bin, the dashed curve is
the corresponding continuous distribution, which exhibit a clear cusp
at the nD+ threshold, and the band is the corresponding 1σ error re-
gion. The data points with error bars are taken from Fig. 12(b) in
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Figure 4: Prediction of the nD+ distribution for the decay Λb →
pi−nD+. The vertical dot-dashed line denotes the nD+ threshold.
the isoscalar channel piΣc, it is reasonable to as-
sume Im aND(I=0)  Im aND(I=1). We therefore treat
Im aND(I=0) as a higher-order effect and neglect it in
the leading approximation. This approximation is sup-
ported by the existing model calculations, listed in Ta-
ble 2 below. Then Eq. (16) follows from Eq. (11).
Hence, there are four free parameters in the fit, includ-
ing Re ac, Im ac, Re ax, and N .
3. Results
As mentioned above, we subtract the 1/2+ and 3/2±
contributions from the pD0 invariant-mass distribution
of the Λb → pi−pD0 decay as reported in Fig. 12(b) in
Ref. [44]. Using the MINUIT algorithm [47, 48], we
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Table 1: Parameters from the best fit. The uncertainties are the 1σ
errors propagated from the statistical uncertainties of the data.
Re ac Im ac Re ax N
(GeV−1) (GeV−1) (GeV−1) (GeV2)
−11.7+4.5−5.8 6.8+4.0−6.8 7.7+4.7−3.4 0.04+0.06−0.02
fit to the 14 data points below 2.83 GeV by averaging
the function in Eq. (15) for each bin to take into ac-
count the binning of the measured pD0 invariant-mass
distribution.2 Thus, the leading-order NREFT treatment
is sufficient, given the large uncertainties of the current
data set. In this range, the nonrelativistic treatment of
the ND systems is well justified. The best fit has a re-
duced chi-square of χ2/dof = 4.9/10. In Fig. 3, the best
fit to the 1/2− partial wave of the pD0 distribution is
compared to the data. The measured distribution indeed
shows an evident change around the nD+ threshold de-
spite the low statistics, and the best fit curve has a clear
nD+ threshold cusp. The resulting parameters from the
fit are given in Table 1. We have checked that the val-
ues of ac and ax remain almost the same if we keep the
loop functions in Eq. (13) and use Λ ranging from 0
to 10 GeV (the expression of GΛ with Λ = 0 GeV is
formally the same as the one using the MS scheme of
dimensional regularization as one does in the studies of
the pipi cusp in NREFT, see, e.g., Refs. [34, 35]). The
change of Λ is absorbed by a corresponding change in
the value of the normalization (V2P effectively). Using
the parameters from the fit, the nD+ distribution for the
decay Λb → pi−nD+ can be easily predicted, which is
shown in Fig. 4.
The isoscalar and isovector ND scattering lengths ob-
tained from the fit follow from Eq. (11), and are listed
in Table 2, where the errors are the 1σ uncertainties
propagated from the statistical errors of the data. For
comparison, we also show the scattering lengths ob-
tained in a few phenomenological models [10–12, 15]
in Table 2. One sees that the results of the SU(4) DN
model [11] and the meson-exchange model [15] are
compatible with our findings. 3
It is worthwhile to notice that the real parts of both
2The hard momentum scale of the NREFT considered here can be
estimated as Λhard =
√
2µi(MD∗ − MD) ' 0.42 GeV, which is the
scale for the opening of the next relevant threshold, ND∗. At MND =
2.83 GeV, p2i /µ
2
i is smaller than 0.09, meaning that the nonrelativistic
expansion is well justified, and p2i /Λ
2
hard is 0.19 for pD
0 and 0.15 for
nD+, which is an estimate of the relative importance of the next-to-
leading order contribution.
3The nD0 scattering length is evaluated to be −0.764 + i 0.615 fm
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Figure 5: Poles in the first and second Riemann sheets using parame-
ters in the 1σ range of the best fit.
the isoscalar and isovector scattering lengths are nega-
tive, meaning that the interaction in each channel is ei-
ther repulsive or strongly attractive such that there is a
bound state below threshold. The large absolute value
of Re aND(I=1) within errors suggests the existence of
a near-threshold isovector bound state; in contrast, no
strong conclusion can be made in the isoscalar sector:
within the uncertainties, one can find a pole, which can
be near threshold or too far away to be valid in the
NREFT framework. Indeed, keeping isospin symme-
try breaking, we find two poles in the first Riemann
sheet (RS-I) of the complex MND plane4 for the T -
matrix defined in Eq. (3), and one pole on the second
Riemann sheet (RS-II). Their locations computed us-
ing about 1000 parameter sets within 1σ are shown in
Fig. 5. For the first pole on RS-I, the absolute value
of its residue to the isovector channel is at least more
than 6 times (up to two orders of magnitude) larger than
that to the isoscalar channel, except when the pole is lo-
cated on the real axis, in which case the residue sizes are
comparable. The pole on RS-II couples more strongly
to the isovector than to the isoscalar channel, with the
ratio of the residue size ranging from 1.6 to 3.8.5 These
in Ref. [49] (here the convention of the scattering length has been
changed to be the same as ours), in which the parameters are chosen
to reproduce the mass and width of the neutral Σc(2800) measured by
Belle [50].
4The first Riemann sheet is defined as the Riemann sheet with
Im p1 > 0 and Im p2 > 0, and second Riemann sheet is defined as
the one with Im p1 < 0 and Im p2 > 0. It is worthwhile to notice that
because of the complexity of the a11,12 parameters from the inelas-
tic channels, there can be poles off the real axis on the first Riemann
sheet, and the Schwarz reflection principle is not respected.
5In the isospin symmetric limit, there is only one isovector pole.
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Table 2: The DN scattering lengths obtained from our fit in comparison with the results calculated in selected phenomenological models. The
values for the SU(4) DN model [11] and the SU(8) DN model [12] are taken from Table 2 of Ref. [15], which considers a meson-exchange model.
All values are given in units of fm.
aND [fm] Our result SU(4) [10] SU(4) [11] SU(8) [12] Meson-exchange model [15]
I = 0 −0.79+0.66−0.61 −0.43 −0.57 + i 0.001 0.004 + i 0.002 −0.41 + i 0.04
I = 1 −3.8+1.4−2.0 + i 2.7+1.6−2.7 −0.41 −1.47 + i 0.65 0.33 + i 0.05 −2.07 + i 0.57
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Figure 6: The absolute values of the isovector and isoscalar T -matrix
elements from the best fit. The band is the 1σ uncertainty propagated
from the data.
two poles are at:
RS-I: 2801.8+1.0−4.0 − i (2.6 ± 2.6) MeV,
RS-II: 2807.0+4.5−17.1 − i
(
9.4+10.2−9.4
)
MeV. (17)
From Fig. 6, one sees clearly that the 1st pole on RS-
I produces a peak of tI=1 below the pD0 threshold,
while the RS-II pole would be partly responsible for
the “bump” between the pD0 and nD+ thresholds. The
two poles could be assigned to the Σc(2800)+ resonance
discovered by the Belle Collaboration [50], which has
a mass of 2792+14−5 MeV and a width of 62
+60
−40 MeV.
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Because of the isovector nature, the Σc(2800) signal
is much weaker than those of excited Λc states in the
Λb → pi−pD0 decay. Yet, it leaves a footprint at the
nD0 threshold, producing a strong cusp. The thresh-
old cusp effect can serve as a partial-wave filter since
it shows up only for the s-wave. The quantum num-
bers of the Σc(2800) are not known yet, and our analysis
suggests them to be JP = 1/2−. This feature is shared
6Apart from the literature on the molecular interpretation of the
Σc(2800) cited in Sec. 1, studies related to the Σc(2800) at the quark
level can be found in, e.g., Refs. [51–61]. Concerning its spin and
parity, no consensus has been reached so far.
by the results in a meson-exchange model in Ref. [15].
Yet, we notice that a recent study of D(∗)N interaction
using chiral effective field theory and model inputs for
the involved low-energy constants did not find a bound
state in the isovector ND system [22]. The analysis here
should also be useful for improving the input of such
studies.
In contrast, the second pole on RS-I couples domi-
nantly to the isoscalar channel except when it is located
on the real axis; furthermore, this pole in most of the pa-
rameter space is much further away from the thresholds,
and one cannot make a unique conclusion on whether
there is a near-threshold isoscalar pole (or even whether
the isoscalar interaction is attractive or repulsive). Cor-
respondingly, the curve for |tI=0| in most of the parame-
ter space is quite smooth with two mild threshold cusps
(as can be seen from the blue dashed best-fit curve in
Fig. 6).
4. Summary
In this study, we have extracted the isoscalar and
isovector ND scattering lengths from the pD0 invariant-
mass distribution for the Λb → pi−pD0 decay reported
by the LHCb Collaboration [44]. In particular, there
is a structure in the data around the nD+ threshold
that is likely due to the nD+ threshold cusp. The
strength of the cusp is sensitive to the ND interac-
tion, and thus can shed light on resonances near the
ND threshold. Our analysis is based on a low-energy
nonrelativistic effective field theory with pD0 and nD+
coupled channels. The effects of lower channels are
built in by introducing imaginary parts to the scatter-
ing lengths. From fitting to the 1/2− partial wave of
the pD0 distribution, we find that the real parts of both
the isoscalar and isovector ND scattering lengths are
negative, implying that the interactions are either re-
pulsive or have a bound state below threshold. Within
uncertainties, the real part of the isoscalar ND scatter-
ing length ranges from −1.4 to −0.1 fm, and thus one
is not able to conclude whether there must be a near-
threshold isoscalar Λc excited state or the interaction
6
is repulsive. In contrast, the absolute value of the real
part of the isovector ND scattering length is always
large, indicating the existence of a bound-state pole be-
low the pD0 threshold. We indeed find a bound state
at 2801.8+1.0−4.0 − i (2.6 ± 2.6) MeV; another pole in RS-
II is found at 2807.0+4.5−17.1 − i
(
9.4+10.2−9.4
)
MeV. Both of
them couple dominantly to the isovector channel, and in
the isospin limit only one bound-state pole is left, sug-
gesting they correspond to a two-pole structure of the
same state due to coupled channels. This state could be
assigned to the Σc(2800) discovered by the Belle Col-
laboration [50], and its quantum numbers are suggested
to be JP = 1/2−. Data with better statistics would be
helpful to further clarify this situation.
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